The Ultraviolet (UV) cured resin bond abrasive tools have been studied and proved to have substantial advantages over conventional abrasive tools. The properties of abrasive-mixed resin would affect the tool performance and accordingly the machining efficiency. Therefore, in this paper, the influences of exposure time duration under the UV light and diamond concentration on the properties of abrasive-mixed resin specimen were investigated. It was found that, generally, the cured depth and mechanical strength of the specimen increase with the exposure time but decrease with the abrasive concentration. A significant effect of curing time on the properties of abrasive-mixed resin was observed when the diamond concentration is 12.5 wt. %. UV cured diamond wheels having the concentration of 12.5 wt. % were manufactured with three curing time durations (40, 60 and 80 seconds) respectively. The effect of curing time on the wheel performance was studied. The experiment results show that the average surface roughness (RA) of the workpiece obtained by the wheel with the curing time of 80 s is the smallest while the highest RA is obtained by the wheel cured for 60 s. The change of RA can be explained by the relation between the tensile-strain relation and the exposure time of the abrasive-mixed resin and it can be concluded that the tensile strength and percentage of elongation have effects on the performance of the wheel while the latter has a dominant influence.
Introduction
The concept and practice of Rapid prototyping (RP) is a technology that speeds up the iterative product-development process considerably, and it can be classified into three major groups: subtractive, additive and virtual processes (Chen, Li, & Liu, 2011) . Stereo lithography (STL) classified as additive process is the most used and the best developed RP technology. The process is based on the principle of curing (hardening) a liquid photopolymer or resin into a specific shape. UV curing technology, in which ultraviolet light is used to cure resin, is one of the STL processes and has been widely used in many fields (Chen, Li, & Liu, 2011) (Kalpakjian & Schmid, 2010) .
UV curing, i.e., the process of photo initiated conversion of a liquid or semi-liquid resin to a hard plastic-like polymer, is a popular alternative to conventional thermal curing. Unlike conventional drying processes which use heat to evaporate water or solvents from a material, UV curing offers many benefits, including lower energy consumption, excellent film quality, environmentally friendlyenergy savings, and high processing productivity (Tanaka & Isono, 2011) (Chattopadhyay & Panda, 2005) (Pappas, 2004) (Bajpai, Shukla, & Kumar, 2001) .
With the development and potential applications of ultraviolet curing resin in the fields of printing inks, the mechanism of UV-curing and properties of different kinds of resins have been studied in the past years. Moon (Moon, Shul, Han, & Hong, 2005) investigated the effects of photo initiators and their mixtures on the curing rate and mechanical properties of the cured films and found that the mixture of two photo initiators provides synergic effects of surface and thorough curing. Kim (Kim, 2008) studied two main parameters affecting the properties of UV-curing resin: threshold exposure, which is the smallest energy needed to initiate the curing process, and penetration depth. Kim stated that the absorbing of UV light in the resin follows the Beer-Lambert theory, and found the relation between the penetration depth, intensity of UV light, belting speed and distance between the UV source and resin. The mechanical properties of different kinds of resins have been studied by many researchers and it is found that the combination of epoxy acrylates, urethane acrylates, and polyester acrylates shows a better performance than pure one acrylate (Chattopadhyay & Panda, 2005) .
With the research of different resins, various kinds of UV-curable resins with different features have been developed in the past years. Some UV-curable resins have similar properties to those of the thermosetting resins and can be used as bonding system in abrasive tools substituting the conventional abrasive tools. Curing time and diamond concentration are the two main factors having significant effects on some characteristics of resin, including the curing depth and mechanical properties, and hence, the performance of wheel fabricated from the abrasives-mixed resin. Therefore, the present paper mainly focuses on the properties of the abrasives-mixed resins with different diamond concentrations and exposure time durations under UV light. The performance of three wheels manufactured with different curing time durations is compared and the influence of exposure time on wheel performance is studied.
2 Resins and Experimental Set-up 2.1 Characteristic of Ultraviolet-cured Resins Two kinds of resins with similar properties from the same corporation were chosen to compare their properties, and one of them was chosen as the bonding material to investigate the characteristics of the abrasives-mixed resin and to fabricate resin bonded wheels in the following study. Some properties of the resins offered by DYMAX are listed in Table 1 , and the parameters of the curing equipment (DYMAX light curing system Model 5000) are shown in Table 2 . The resins listed in Table 1 : Ultraviolet-curable resins were cured for 60 seconds and tensile tests of the specimens were done on Instron 5569 series Mechanical Tester. The stress-strain relation of the two resins show that resin 425 has greater strength and shorter elongation (shown in Figure 1 ). Tanaka asserted that a higher strength can enhance the abrasives to embed into the wheel and smaller elongation makes the bond abrasion easier, which is necessary for the new abrasives to generate on the wheel surface and hence to improve the efficiency of the machining (Tanaka & Isono, 2011) . Therefore, in order to study the properties of abrasives-mixed resin and the machining ability of the wheels, resin 425 was chosen because it has the greater tensile strength and smaller elongation.
Due to the influence of curing time on the properties of cured resin, the mechanical properties of resin 425 specimens cured with different time durations (40, 60, 80 and 100 seconds) were evaluated first. During the specimen-making process, it was found that when the resin specimen is cured for 100 s, the cured films become so brittle and get broken when it is separated from the mold, besides, it was concluded by Tanaka that a thorough curing does not require long curing time. As a result, in order to investigate the influence of the UV exposure time on the properties of abrasive-mixed resin and hence on the performance of UV cured wheels, the time durations of resin exposed to UV light were chosen as 40, 60 and 80 seconds.
Characteristic of Abrasive-mixed Resin
The curing characteristics, as well as the mechanical characteristics, of abrasive-mixed resin specimen were investigated before the fabrication of resin bond wheels. The diamond powders used in the present study are resin bond diamond powders from Hyprez® with an average size of 9 (6-12) µm. The liquid status mixture of resin and diamond powders was stirred for four hours to ensure the uniform distribution of diamond powders in resin and injected to the mold with thickness of 1.22mm. The abrasive-mixed resin with different concentrations of 6.25 wt. %, 12.5 wt. % and 25 wt. % were exposed to the UV light for 40, 60 and 80 seconds separately.
Curing Characteristics of Abrasive-mixed Resin
Curing depth, as the main property of abrasive-mixed resin, has influence on the manufacturing efficiency and the life of wheel directly. Therefore, it is necessary to investigate how the cured depth changes with the exposure time duration under the UV light and the concentration of the diamond powders. The curing depth is obtained by measuring the thickness of the cured resin specimen. In the present paper, four specimens were made in one mode and were cured under the same condition, so, there are four replicates for each test condition. However, the depth of each specimen is very similar to 
Mechanical Properties of Abrasive-mixed Resin
The influences of the concentration and curing time on the hardness of abrasive-mixed resin specimen were also studied. The abrasive-mixed resin of three concentrations were injected to the surface of flat parts and cured for different time durations, as shown in Figure 2 . Hardness of the cured resins were tested on MICROHARDNESS TESTER CM400AT from SUN-TEC. Vickers indentations with a load of 25 kgf were made on the abrasive-mixed resin for the measurement of the hardness, .
The mechanical properties of the nine specimens cured in the mold were investigated (shown in Figure 3 ), and the relation of the properties with exposure time duration and concentration of diamond powders were analyzed.
Effects of the Curing Time on the Wheel Performance
After studying the effects of exposure time under UV light and concentration of diamond content on the characteristics of abrasive-mixed resin specimen, resin bond diamond wheels cured for three time durations with the concentration of 12.5 wt. % were fabricated, as shown in Figure 4 , and experiments under the same experiment set-up, as shown in Table 3 , were carried out on a lapping machine (MELCHIORRE). Figure 5 shows the schematic of the experiment process. Experiment of each wheel was done to investigate the influence of the curing time of abrasive-mixed resin on the wheel performance. The average surface roughness of three workpieces for each wheel was measured using Zygo New View 5000. The change of cured depth with the time exposed to ultraviolet light with different diamond concentrations are shown in Figure 6 . The unparalleled lines in the plot show an interaction effect between these two factors on the cured depth. The effect of exposure time under UV light is not completely shown when the concentration is 6.25 wt.%, because due to the thickness limitation of the mold, the cured depth of the abrasive-mixed resin cannot be greater than 1.22 mm even the exposure time increases further.
The cured depth shows a great change with time duration exposed to UV light when the concentration is 12.5 wt. %. The value increases from 0.026 to 0.041 and then to 0.046 in. as the time duration increases. It can be seen that the change of cured depth with time duration is not linear, which means that, as the exposure time increases to more than 60 s, the effect of exposure duration on the cured depth is inhibited because the UV light undergoes deterioration and is restricted in its transmission. Furthermore, it has been stated that the increasing of cured becomes slowly and finally stops when the duration of exposure increases to a certain value (Tanaka & Isono, 2011) . The reason is that as the exposure duration reaches a certain value, all the photo initiators in the polymers are activated and the chemical reaction between the monomers and oligomers are completely finished, if no more reaction happens, then the cured depth of the resin doesn't change more.
As can be seen from Figure 6 , no change of the cured depth with curing time is shown when the concentration of diamond powder is 25 wt. %, it is because that, at such a high concentration, much of the UV light is absorbed and dispersed by the diamond powders instead of penetration to the other side of the mixture. As a result, the exposure time has very small or no influence on the cured depth as the diamond content reaches a certain value.
Therefore, due to the effect of the absorption and dispersion of ultraviolet light by the diamond powder, the cured depth of abrasive-mixed resin decreases as the diamond powder concentration increases, and generally, it increases as the exposure time increases except for high diamond content. Figure 7 shows the main effects of concentration and exposure time on the cured depth. It can be seen that the concentration factor has a greater influence on the cured depth than the exposure time. Furthermore, the effects of the two factors are opposite, that is, generally, the cured depth of abrasivemixed resin decreases as the diamond powder content increases, while the cured depth increases as the exposure time increases.
Mechanical Properties of Abrasives-mixed Resin
Due to the stress-strain relation of abrasive-mixed resin has effects on the bond abrasion and the hardness may affect the possibility and feasibility of released grains get embedded into the bond, therefore, study on the hardness and stress-strain relation of abrasive-mixed resin is significant for investigating the performance of UV cured wheel. 9 show the interaction and main effects of the two factors (concentration and exposure time) on the hardness of the abrasive-mixed resin specimens. The interaction plot shows that a significant interaction of these two factors is indicated by the lack of parallelism of the lines, which means that, the exposure time and diamond content affect the hardness of the cured specimens together. As can be seen from Figure 8 , in general, greater hardness is attained at higher duration of exposure to the UV light regardless of the volume content of the diamond powders. The slope of the line with the concentration of 25 wt. % is much steeper than the other two; therefore, a greater effect of the concentration is shown compared to the exposure duration, which also can be seen clearly from the main effects of the two factors (shown Figure 9) . 
Tensile Properties of Abrasive-mixed Resin
Some important characteristics, such as the modulus of elasticity, E, the ultimate stress ( ) and the fracture elongation, can be seen or reflected by the stress-strain relation. These properties have significant effects on the bond abrasion and abrasive indentation, and influence the performance of the wheel as a result. It has been analyzed that both the exposure time and concentration of diamond powders influence the hardness of the abrasive-mixed resin, besides, it is also necessary to study if and how the two factors affect the stress-strain relation of the mixture. Figure 10 shows the influence of the time duration exposed to UV light on the stress-strain relations of three specimens with different concentrations.
By comparing the stress-strain relationships of the specimens in Figure 11 , it can be seen that, under different diamond concentrations, the effects of the exposure time on the tensile strength and percentage of elongation are different; therefore, the two factors have an interaction effect on the stress-strain relation of the abrasive-mixed resin. Besides, the figure also shows that, generally, the tensile strength decreases as the concentration but increases as the curing time, and the percentage of elongation increases with the concentration but decreases with the exposure time. The influence of the exposure time on the tensile strength and percentage of elongation under each concentration is very small except for the concentration of 12.5 wt.%. In order to study the effect of curing time on the performance of resin bond diamond wheel, the concentration with which the exposure time has the most impact on the properties of abrasive-mixed resin should be selected. Therefore, by conjecting the curing and mechanical characteristics of the abrasive-mixed resin, the concentration as 12.5 wt. % was chosen to study the wheel performance.
4 Performance of the Wheel with Difference Curing Time Figure 12shows the average surface roughness of three workpieces in one holder before and after the experiments obtained by three wheels shown in Figure 4 separately. Significant improvement of the surface quality of ceramic workpieces is shown in the figure. After 30 minutes, the average surface roughness of workpiece decreases from 0.839μm to 0.166 μm (40 sec), from 0.869μm to 0.238μm (60 sec), and from 0.852μm to 0.156μm (80 sec), respectively. As can be seen from the figure, the RA obtained by the wheel cured for 60 seconds are greater than the other two wheels, and the wheel exposed to UV light for 80 seconds gain the best surface quality (lowest RA).
It has been proved that the mechanism of the resin bond wheels used in this paper is a grind/lap process (grinding dominant at the beginning and becoming a lapping dominant process after some running periods) (Huang, Guo, & Marinescu, 2015) . Two types of interactions of the diamond powders with the ceramic workpiece were observed on optical micrographs: plastic grooving caused by embedded particles and indentation (lateral) cracks by loose abrasives released from the wheel, but the lateral fracture is the dominant mechanism of material removal for the experiments in this paper.
Many researchers have studied the relation of the surface roughness with the load applied and the mechanical properties including the modulus of elasticity and hardness of material on machining brittle materials (Buijs & From the analysis of hardness with different time durations, it can be seen that as the curing time increases from 40 s to 80 s, and the hardness of abrasive-mixed resin increases linearly with the diamond concentration of 12.5 wt.%. However, the surface roughness of the ceramic workpiece in Figure 12 shows a different relation with curing time.
The reason causing this disagreement can be explained by the stress-strain relation of the specimens in Figure 11(b) . The highest percentage of elongation is seen for the abrasive-mixed resin specimen with curing time of 60s, which indicates that this wheel has the smallest bond abrasion compared to the other two after the same running period, leading fewer diamond particles getting released from the wheel to work as free abrasives on the workpiece, thereafter, a higher RA is caused by this wheel as a result. The RA of the machined workpiece by the wheels cured for 40 s and 80 s can be explained by the percentage of elongation as well. As discussed above, higher strength can keep the particles embedded in the wheel and avoid the loose abrasives generated on the wheel surface. However, from the analysis of Figure 11(b) , the worst surface quality of the workpiece is supposed to be obtained by the wheel with the exposure time of 80 s, which doesn't agree with the result shown in Figure 12 . Therefore, it can be concluded that both the strength and percentage of elongation affect the status of the particles working between the workpiece and wheel, and hence influence on the performance of the wheel, but the percentage of elongation has a dominant effect.
Conclusion
The effects of the diamond concentration and exposure time duration under UV light on the physical and mechanical characteristics of the abrasive-mixed resin were analyzed and three diamond resin bond wheels were manufactured to investigate the influence of the curing time on the performance of the wheels. The following conclusions were obtained.
1. It is clear that the cured depth of the UV cured abrasive-mixed resin decreases as the grain concentration increases but it increases with the time duration exposed to UV light. An interaction effect exists between the concentration and curing time on the cured depth and the increment of cured depth with duration of exposure decreases as the concentration increases. 2. Two factors that the diamond concentration and curing time have opposite effects on the hardness of abrasive-mixed resin. The hardness decreases as the duration of curing time increases and a greater increment of hardness is seen with high concentration. No regular relation between the tensile strength and the two factors is seen. 3. Both the tensile strength and percentage of elongation of the abrasive-mixed resin have influence on the performance of the UV cured resin bond diamond wheel. A dominant effect of the percentage of elongation can be seen by the experimental results.
